INTRODUCTION
Since cancerous disorders are the second leading cause of death worldwide, following cardiovascular diseases, improvement of the efficacy of their treatment is currently one of the greatest challenges. A survey of epidemiological data from 184 countries suggested that the global burden of cancer will increase to 23.6 million new cases each year by 2030, an increase of 68% compared with 2012.
In hormone-dependent tumors such as breast, uterine, ovarian, prostate and endometrial cancers, the overexpression of steroid receptors is involved in enhanced cell proliferation.
Steroids are a group of endogenous compounds that play versatile roles as anticancer agents.
Enzyme inhibitors such as steroid sulfatase inhibitors, aromatase inhibitors (AIs) and 17β-hydroxysteroid dehydrogenase inhibitors, and ligands compete with endogenous hormones for estrogen receptor (ER) such as antiestrogens (selective estrogen-receptor modulators (SERMs) and selective estrogen-receptor downregulators (SERDs)).
Estrogens are widely recognized as factors for tumor growth, mainly in breast cancer. The natural product 2-methoxyestradiol (2ME) is a major estradiol metabolite, the process of the metabolism of estradiol is the same in males and females and it is catalyzed by catechol-Omethyltransferase. 2ME has no estrogenic activity and numerous studies showed its anticancer properties (antiproliferative, proapoptotic and cytotoxic activities) and possible cardiovascular benefits.
Plants are among the most varied and promising sources of new anticancer agents and steroids can also be found in them. Natural products are playing a rapidly increasing role in finding the lead candidates for the development of chemotherapeutic agents. They offer a valuable source of compounds with a wide variety of chemical structures with biological activities, and provide important prototypes for the development of novel drugs. Cardiac glycosides are natural steroids, derived from digitalis species. Besides the cardiologic activities of digitoxin and digoxin, these steroids also have an anticancer activity. Compounds containing triazole ring represent a wide range of biological and pharmacological properties. The triazole ring can be found in many biologically active compounds used in therapy such as trazodone, rizatriptan, hexaconazole and alprazolam.
Apoptosis or programmed cell death is a normal component of the development of a multicellular organism. During apoptosis cells die in a controlled manner and apoptotic cells can be recognized by morphological changes. Apoptosis can be activated by various signals from outside and inside the cell, and caspases play a crucial role in this process. Proapoptotic caspases can be divided into two groups, the group of initiator caspases: 2, 8, 9 and 10, and the group of executioner caspases: 3, 6 and 7. Caspase-8 plays a crucial role in the extrinsic pathway of apoptosis, in which the apoptosis inducing signal derives from death receptors. Cancer selectivity of the most potent agents was characterized by determining their action on the viability of human fibroblast.
MATERIALS AND METHODS

Chemical structures of novel, D-ring substituted steroid derivatives containing triazole moiety
The first set of the investigated compounds (1-2) contained 17α-triazolyl steroid analogues.
The tested agents possessed estrone or androstane skeleton and in both series a triazole ring was attached to ring D at position 17. 
Tumor cell lines and cell culture
The tested compounds were investigated on HeLa (cervix adenocarcinoma), A431 (skin epidermoid carcinoma), MCF7 (breast adenocarcinoma) and noncancerous MRC-5 fetal lung fibroblast cells. These cells were cultivated in minimal essential medium supplemented with 10% fetal bovine serum, 1% non-essential amino acids and an antibiotic-antimycotic mixture under a humidified atmosphere of 5% CO 2 at 37 ºC.
Determination of antiproliferative effects of the tested compounds
The antiproliferative effects of the tested substances were determined colorimatrically by
Briefly, cells were seeded onto a 96-well plate at a density of 5000 cells/well and allowed to stand overnight, after which the medium containing the tested compound was added. After a 72-h incubation period, viability was determined by the addition of 20 µL MTT solution (5 mg/mL). The formazan crystals precipitated during a 4-h incubation were solubilized in 100 µL dimethylsulfoxide (DMSO) and the absorbance was read at 545 nm with an ELISA reader.
All in vitro experiments were carried out on two microplates with at least five parallel wells.
Cisplatin was used as positive control. Sigmoidal dose-response curves were fitted to the measured data in order to determine the IC 50 values by means of GraphPad Prism 4.0
Cell cycle analysis by flow cytometry
Cellular DNA content was determined by means of flow cytometric analysis, using a DNAspecific fluorescent dye, propidium iodide (PI). The cultured cells were treated with various concentrations of the tested compounds for 24 or 48 h, and the samples were analyzed by
FACStar. For each experiment 20,000 events were counted, and the percentages of the cells in the different cell-cycle phases (subG1, G1, S and G2/M) were determined by means of winMDI 2.8.
Double staining with Hoechst 33258 and PI
Cells were seeded into a 96-well plate and incubated with various concentrations of the tested compounds for 24 h. After the incubation period the staining solution was added to the cells.
The final concentrations of Hoechst 33258 and PI were 5 and 3 µg/mL, respectively. This staining allowed the identification of intact, early apoptotic, late apoptotic and necrotic cells.
HO permeates all cells and makes the nuclei blue. PI is taken up by cells only when the cytoplasmatic membrane integrity has been lost staining the nucleus red.
Caspase-3, -8 and -9 assay
Caspase-3, -8 and 9 activity was determined by using a colorimetric assay kit Ac-DEVDpNA, Ac-IETD-pNA and Ac-LEHD-pNA serving as substrates, respectively. During the assay, the peptide substrate was cleaved by caspase-3, -8 and -9 resulting in the release of pNA (p-nitroaniline), which was measured by a microplate reader at an absorbance wavelength of 405 nm. HeLa cells were treated with the tested compounds at 3, 10 and 30 µM for 24 h; untreated cells were used as controls.
Reverse transcription-polymerase chain reaction (RT-PCR) studies
The effects of the tested compounds on the mRNA expression pattern of the markers of apoptosis, such as Bax, Bcl-2 and cyclin-dependent kinase 1 (CDK1), cdc25B, cyclin B1 and cyclin B2, which play a crucial role in the transition from the G2 to the M phase, were determined by RT-PCR in HeLa cells. After a 24-h incubation period, the total RNA was isolated from the cells and cDNS were prepared by the means of reverse transcriptase (RT).
Human glyceraldehyde 3-phosphate dehydrogenase (hGAPDH) primers were used as internal control in all samples.
Western blotting studies
To investigate the actions of the most potent compounds on the functions of phosphorylated and total stathmin, protein expression was determined by using Western blot analysis. HeLa cells were treated with the tested agents for 48 h. Whole-cell extracts were prepared protein was subjected to electrophoresis on 4-12% NuPAGE Bis-Tris Gel Proteins were transferred from gels to nitrocellulose membranes, using the iBlot Gel Transfer System Antibody binding was detected with the WesternBreeze Chemiluminescent Western blot immunodetection kit.
RESULTS
Antiproliferative properties of 17α-triazolyl derivatives
The estrone derivatives (1a-j) have a moderate effect, these compounds elicited less than 60% inhibition of cell proliferation even at higher concentration. The corresponding androstane series (2a-j) were generally more effective on the cell proliferation. Since most of these analogs exerted a moderate antiproliferative action, no additional experiments were performed.
Antiproliferative properties of 15β-triazolyl-5α-androstanes
The results of the MTT assays led to the selection of 3a-c, 4a and 4b for additional experiments in an attempt to elucidate the mechanism of their action.
Antiproliferative properties of 16α-triazolylestrone derivatives
On the basis of their antiproliferative effects, compounds 5i and 6f-h were selected for further experiments, including characterization of the cancer selectivity. All four steroids exerted limited action on the proliferation of noncancerous fibroblast MRC5. In the cases of 5i and 6h, 50% inhibition was not elicited up to 30 µM. 
Effects of 15β-triazolyl-5α-androstanes on cell cycle
The 24-h treatment with each of these compounds resulted in a concentration-dependent decrease in the number of cells in the G1 phase, and also in an accumulation of the G2/M population (Fig 4) . Compound 3c did not exert any effect on the G2/M phase, but increased the proportion of cells in the synthetic (S) phase. Agents 3a-c and 4a also resulted in modest but statistically significant increases in the number of hypodiploid (subG1) cells, which are generally regarded as an apoptotic population. This apoptotic proportion became more pronounced after incubation for 48 h.
Effects of 16α-triazolylestrone derivatives on cell cycle
Treatment with the selected estrane analogs resulted in a concentration-dependent increase of subG1 phase cells, which was more pronounced after incubation for 48 h. At the same time, the G1 populations decreased substantially, while the synthetic and G2/M phases exhibited modest, but significant increases (Fig 5) . 
Morphological studies with 15β-triazolyl-5α-androstanes
Morphological changes such as nuclear condensation, the appearance of apoptotic bodies and increase of the cell membrane permeability were recognized in a concentration-dependent manner as evidence of apoptosis and necrosis. After incubation with 15β-triazolyl-5α-androstanes for 24 h, concentration-dependent increases in nuclear condensation and cell membrane permeability were generally detected, indicated by blue and red fluorescence, respectively (Fig 6) . 
Morphological studies with 16α-triazolylestrone derivatives
Four selected steroids from the group of 16α-triazolylestrone derivatives (5i, 6f, 6g and 6h)
induced early apoptosis, as confirmed by nuclear condensation without increased membrane permeability. Disturbed membrane permeability could be detected in higher concentration without the corresponding nuclear condensation indicating the necrosis-inducing capacity of the agents (Fig 7) . Two of the selected steroids (6f and 6g) were tested on MRC5 cells too (Fig. 8 ). Sparse nuclear condensation was evidenced in fibroblast cells treated with higher concentrations (10 or 30 µM), without marked PI staining.
Caspase-3, caspase-8 and caspase-9 assays
Based on the results of cell cycle analysis and HO-PI double staining, the effects of two selected agents (6f and 6g) on the activities of the apoptotic key enzymes caspase-3, caspase-8 and caspase-9 were determined. Both steroid analogs activated the executive caspase-3 in a concentration-dependent way during a 24-h of incubation (Fig. 9) . The activity of the initiator caspase-9 was also significantly increased by both agents. On the other hand, none of the tested agents elicited significant activation of caspase-8. . Induction of caspase-3, caspase-8 and caspase-9 activities after incubation with compounds 6f and 6g for 24 h. White, gray and black columns denote 3, 10 and 30 µM of the given agent. * and ** denote p < 0.05 and p < 0.01, respectively, as compared with the control condition
RT-PCR studies
The expressions of the cell cycle regulator factors of the G2-M transition (CDK1, cyclin B1, cyclin B2 and cdc25B) and factors that play key roles in the mitochondrial pathway of apoptosis (Bax and Bcl-2) were determined at the mRNA level by means of RT-PCR. The ratio Bax/Bcl-2 was significantly higher at the higher concentration for the two most effective compounds (Fig. 10) . This indicates activation of the mitochondrial pathway of apoptosis. All four selected factors responsible for the G2-M transition were decreased after treatment with the higher concentration (10 µM). Moreover, the expression of cyclin B1 at the mRNA level was significantly reduced even after treatment with 3 µM of 6g (Fig. 11) . 
Western blotting studies
In response to a 48-h exposure to 10 µM 6f or 6g, the protein expression of phosphorylated stathmin, a microtubule destabilizing protein, was significantly increased severalfold as compared to untreated control cells (Fig. 12) . On the other hand, the total amount of stathmin did not display any significant alteration indicating a change in the phosphorylation state of the protein. pattern of the two selected compounds, it may be pointed out to that they induce apoptosis via the intrinsic pathway. The activation of caspase-9 seems less pronounced, which is not unusual in view of the fact that this enzyme is the first element in a cascade, while caspase-3 is a terminal element and therefore a product of amplification. Their relation of Bcl-2 and Bax is generally regarded as a marker of the apoptotic-survival balance The higher concentrations of both selected compounds (6f and 6g) resulted in a significant increase in the ratio Bax/Bcl-2, reinforcing the mitochondrial origin of the detected apoptosis. The expressions of CDK1, cyclinB1, cyclinB2 and CDC25B were significantly decreased, indicating that the intervention in the cell cycle machinery is likely to occur at upstream levels.
